Irreversible pathological changes in the central nervous system due to prolonged hypoglycaemia have been described many times in adults (see Lawrence, Meyer, and Nevin, 1942 Normal birth weights were taken from the British Perinatal Mortality Survey (Butler and Bonham, 1963) where they are given as the modal value expressed as a range. Normal organ weights were taken from Gruenwald's tables (1963). The ratio of brain weight to liver weight is recorded because this gives an indication of the infant's state of nutrition. After 28 weeks' gestation the brain weighs about three times as much as the liver (Dawkins, 1964) . In babies who have suffered intrauterine malnutrition the liver weight is much reduced whereas the brain weight is usually within normal limits. In such cases the ratio of brain weight to liver weight is greater than 3. HISTOLOGICAL METHODS The brain, spinal cord, and samples from other tissues were fixed in a 4% solution of formaldehyde in 10% saline. Blocks were taken from many regions of the cerebral cortex, from the basal ganglia anteriorly and posteriorly, from one cerebellar hemisphere and the vermis, from at least three levels each of brainstem and spinal cord, and from posterior root ganglia. In cases 1, 2, and 5 samples of peripheral nerves and muscles were studied.
born babies with symptoms due to severe hypoglycaemia, two of whom became spastic and mentally retarded. The eight infants were underweight for their gestational age and had been born to nondiabetic women. Further clinical reports have confirmed that prolonged hypoglycaemia in the neonatal period may lead to death or to survival with mental deficiency and cerebral palsy unless adequate treatment is given (Brown and Wallis, 1963; Comblath, Wybregt, Baens, and Klein, 1964; Haworth and McRae, 1965) . It has also been established that the infants most liable to develop serious hypoglycaemia are those born with poor liver carbohydrate stores, that is, the very premature and those that are underweight because of intrauterine malnutrition (Shelley and Neligan, 1966) .
To our knowledge there have been no accounts of the pathological findings in acute or chronic brain damage due to neonatal hypoglycaemia, apart from a preliminary report of our cases 1 and 2 (Anderson, Milner, and Strich, 1966) . We now present the clinical histories and pathological findings in six patients, three in whom hypoglycaemia was regarded as the major cause of death and three who died of other causes after the hypoglycaemia had been successfully treated.
MATERIALS AND METHODS
Blood glucose was estimated by a glucose oxidase method (Stevens, 1965) using umbilical vein blood. Glucose tolerance tests were performed by giving a loading dose of 0-5 g. of glucose/kg. body weight as a 10% solution intravenously. The rate constant (K) for glucose disappearance was calculated from the absolute blood glucose values. The normal mean K value for newborn babies calculated from the data of Baird and Farquhar (1962) is 05 ± 0-19.
Normal birth weights were taken from the British Perinatal Mortality Survey (Butler and Bonham, 1963) where they are given as the modal value expressed as a range. Normal organ weights were taken from Gruenwald's tables (1963) . The ratio of brain weight to liver weight is recorded because this gives an indication of the infant's state of nutrition. After 28 weeks' gestation the brain weighs about three times as much as the liver (Dawkins, 1964) . In babies who have suffered intrauterine malnutrition the liver weight is much reduced whereas the brain weight is usually within normal limits. In such cases the ratio of brain weight to liver weight is greater than 3. HISTOLOGICAL METHODS The brain, spinal cord, and samples from other tissues were fixed in a 4% solution of formaldehyde in 10% saline. Blocks were taken from many regions of the cerebral cortex, from the basal ganglia anteriorly and posteriorly, from one cerebellar hemisphere and the vermis, from at least three levels each of brainstem and spinal cord, and from posterior root ganglia. In cases 1, 2, and 5 samples of peripheral nerves and muscles were studied.
performed. The cerebrospinal fluid was clear and under normal pressure but the glucose concentration was found to be 6 mg./100 ml. Blood glucose at this time was 8 mg./ 100 ml. A glucose infusion was being prepared when the baby had another fit, aspirated some milk and died aged 554 hours.
Pathologicalfindings (Maudsley no. 3301) At necropsy, nine hours after death, the trachea was filled with milk curds and haemorrhagic foci were present in each lung, although extensive only in the right lower lobe. The liver was of normal appearance but was small and weighed 96 g. (normal 142 ± 35 g.). The remainder of the alimentary system, the cardiovascular system, the genitourinary system, the endocrine glands, thymus, and spleen appeared normal. The skull, meninges, and venous sinuses were normal. The brain weighed 430 g. (normal 400 + 50 g.) giving a ratio of brain weight to liver weight of 4-4. Thepattem of cerebral convolutions was in keeping with the gestational age of 39 weeks assessed from the menstrual history. The brain showed no macroscopic abnormality and in particular there was no evidence of brain swelling.
Histology The focal pulmonary haemorrhages were subpleural, interstitial, and to a lesser extent intraalveolar in situation. In the liver, the sinusoids were large and the parenchymal cells appeared to have less cytoplasm than normal, although measurements were not made. The thymus, thyroid, adrenal and pituitary glands, pancreas, kidneys, heart, and spleen appeared normal and post-mortem autolysis was not conspicuous.
Acute degeneration of nerve cells and glial cells was found in all parts of the central nervous system. In small nerve cells, the nuclei were shrunken and there was clumping of chromatin. In some, the nuclear membrane had disappeared and the chromatin fragments were either were present in the endfolium, in the fascia dentata, and in the pyramidal cell layer of the hippocampus.
Fragmented nuclei were almost universal in small and large neurones of the caudate nucleus, the putamen ( Fig. 2), and the claustrum, and were plentiful within the internal granular layer of the cerebellum. There was no obvious cell loss either in the cerebral cortex or elsewhere.
Another type of degenerative change was found in large nerve cells. In these there was chromatolysis with swelling and granularity of the cytoplasm (Figs. 3, 4 , 5, and 6). The nuclei were smaller than normal, opaque, often finely stippled, and some showed loss of basophilia. They were frequently surrounded by a pale zone. Nuclear fragmentation was seen only occasionally in large neurones. In some situations, notably the anterior horn of the spinal cord, large cytoplasmic vacuoles were seen. Some of the large pyramidal cells of the cerebral cortex showed chromatolysis and pyknosis of the nucleus. Most of the large nerve cells in the thalamus (Fig. 3 ) and hypothalamus and in the globus pallidus were involved, as were the Purkinje cells (Fig. 7) and neurones of the deep cerebellar nuclei. In the brainstem severe change was seen in all the nerve cells in the motor Nerve fibres of normal appearance could be stained in these foci but many were swollen and eosinophilic (Fig. 9 ). There was no marginal glial reaction.
Cells in the remnant of the paraventricular germinative zone and in the external granular layer of the cerebellum (Fig. 7) Subcutaneous fat was scanty. The thymus weighed 2 g. (normal 5 5 + 2-3 g.). The lungs were atelectatic. The cardiovascular and genito-urinary systems, the endocrine glands, and spleen appeared macroscopically normal. The scalp, the skull, the meninges, and the venous sinuses were normal. The brain weighed 225 g.
(normal 234 ± 41 g.), giving a ratio of brain weight to liver weight of 7-0. Secondary sulci were well developed and tertiary sulci were visible; the lips of the Sylvian fissure were almost apposed. These features were in keeping with a gestational age of 32 weeks assessed from the menstrual history. On sectioning the brain, the white matter appeared congested but no other abnormality was seen.
Histology There was extensive oedema of the lungs.
The descending colon showed recent infarction with a sanguinous peritoneal exudate. In the liver, the parenchymal cell cytoplasmic mass appeared to be reduced, and the sinusoids were large. Lymphocyte depletion was evident in the cortex of the thymus. No pathological features were found in the pancreas, kidneys, heart, or spleen.
Acute degeneration of neurones and glial cells was present throughout the central nervous system. The cytological features were similar to those in case 1, although large nerve cells with intensely eosinophilic cytoplasm were more common in case 2. The cerebal cortex ( Fig. 1la ) was severely involved, the occipital lobes being most affected, the temporal lobes least. A moderate number of abnormal nerve cells were present in the fascia dentata, the endfolium, and the pyramidal cell layer of the hippocampus. The caudate nucleus, putamen, globus pallidus, thalamus, and hypothalamus were severely involved. There was marked patchy loss of Purkinje cells both in the vermis and in the cerebellar hemispheres. The remaining Purkinje cells were eosinophilic and had pyknotic nuclei (Fig. 12a ). The nuclei of cells of the internal granular layer and in neurones in the deep cerebellar nuclei were also pyknotic. Scattered abnormal nerve cells were seen in almost all the regions examined in the brainstem including the inferior colliculi. The oculomotor and trochlear nerve nuclei, the motor and principal sensory trigeminal nuclei and the superior and inferior olivary nuclei, however, were severely affected. As in case 1, the grey matter of the spinal cord showed severe degeneration; many anterior horn cells were scarcely recognizable and others showed striking cytoplasmic vacuolation (Fig. 13) .
Many glial cells in the white and grey matter had pyknotic nuclei. Clusters of microglial cells were seen in the cerebellar cortex and white matter but not elsewhere in the brain.
The paraventricular germinative zone and the external Gestation 28 weeks. Weight at death 1,050 g. (normal birth weight fort his gestational age 1,000-1,500 g.). This girl was the first child of a 21-year-old woman. Pregnancy had been normal until the spontaneous onset of premature labour. The baby was born by the breech and there was some difficulty in delivering the head. She needed resuscitation but by 5 minutes was breathing regularly. At 1 hour of age grunting and intercostal recession were noted but she remained pink with a normal respiratory rate in an ambient oxygen concentration of 28 to 400%. At 7 hours of age respirations were normal but the baby was jittery. At 21 hours of age she began to have periods of apnoea which lasted 15 to 60 seconds and at first were easily stopped by handling and face mask oxygen. Later these episodes lasted up to five minutes, were accompanied by bradycardia, and became more difficult to abolish. Between the attacks the baby was not cyanosed but continued to be hyperactive and jittery. At 37 hours of age blood glucose was 36 mg./100 ml. She was given 2 ml. of 20% glucose orally at this time but otherwise was not fed. The periods of apnoea became more frequent and the baby became less responsive to endotracheal oxygen. Despite external cardiac massage she died aged 45 hours. Ten minutes after death the blood glucose was 3 mg./100 ml. Samples of heart, skeletal muscle, liver, and lung were removed within 30 minutes of death for analysis of carbohydrate and lactate content. The values were found to be very low except in the lung where the tissue carbohydrate ,.. :c s.,.
. Fig. 14a ) and in the putamen, the caudate nucleus, and the internal granular layer of the cerebellum. However, the number of nerve cells involved was not so great as in cases 1 and 2 and glial cells were not affected. The thalamus was patchily affected. Only a few abnormal neurones were found in the Purkinje cell layer, in the deep cerebellar nuclei and in the brainstem. In the thoracic and lumbar spinal cord, the anterior horn cells were markedly abnormal (Fig. 1 5a) showing pyknosis of the nuclei, chromatolysis, and cytoplasmic vacuolation. Motor cells in the cervical cord Gestation 25 weeks, birth weight 820 g. (normal-no data available). This baby was the first child of a 31-year-old woman and was born by spontaneous vertex delivery. He did well for the first 48 hours although he needed an ambient oxygen concentration of 80 to 90 % to maintain a normal P02. At 11 hours of age blood glucose was 31 mg./100 ml. He was fed 2-3 ml. of breast milk every three hours from the age of 12 hours, but despite this the blood glucose was found to be 11 mg./100 ml. at 59 hours of age. After one and a half hours fast a glucose tolerance test was performed and showed an abnormally rapid disappearance of glucose from the blood (K = 2 5). At 69 hours of age, two hours after a feed, blood glucose had again dropped to 12 mg./100 ml. and an intravenous infusion of equal parts of 20 % glucose and 40 % fructose was given for one and a half hours. In the next 24 hours he had several apnoeic attacks. At 88 hours of age the blood glucose was 9 mg./lOOml. and the intravenous infusion of hexoses was restarted. A normal blood glucose level was thus maintained until death. Nevertheless, the infant had further periods of apnoea of increasing length finally requiring almost constant intermittent positive pressure respiration. Arterial oxygen saturation was low and the arterial pH was less than 7 0 on many occasions in the next four days in spite of treatment with THAM.
He died aged 7i days.
Pathological findings (Maudsley no. 3487) At necropsy the lungs were well aerated. The liver appeared normal and weighed 36 g. The skull, the meninges, and the venous sinuses were normal. The brain weighed 96 g. so that the ratio of brain weight to liver weight was 2-7. The convolutional development was in keeping with the stated gestational age of 25 to 26 weeks. Recentlyshed blood was present in the cerebellopontine cisterns, in the subarachnoid space over the parietal region of the right cerebral hemisphere, and over the spinal cord. On sectioning the brain, the entire ventricular system was found to be filled with blood clot.
Histology In the cortex of the thymus lymphocytes were reduced in number. The lungs, liver, adrenal glands, heart, and spleen appeared normal.
The cerebral cortex was normal (Fig. 14b) except that in the endfolium of each Ammon's horn there was a small number of nerve cells with shrunken and eosinophilic cytoplasm and irregular pyknotic nuclei. The same features were found in scattered neurones in the ventral part of the thalamus, in the hypothalamus, the globus pallidus and the dentate nucleus. In the brainstem a few affected nerve cells were seen in the inferior colliculi, the reticular formation, the griseum pontis, and the inferior olivary nuclei. There were no cells showing clumping of chromatin or karyorrhexis. Large motor neurones in brainstem and spinal cord were normal. Glial cells were unchanged throughout. Recent haemorrhage was seen in the paraventricular germinative zone.
Three additional abnormal features were present. In each hippocampal formation, cells very much like spongioblasts or neuroblasts were arranged in pallisade fashion immediately deep to the fascia dentata. In the cerebellar vermis, there were many gaps in the Purkinje cell layer both on the crests of gyri and within sulci. Some nerve cells in posterior root ganglia were smaller than normal and showed chromatolysis and eccentric nuclei. (Fig. 1lb) and white matter were normal in all areas examined. The caudate nucleus, claustrum, putamen, and globus pallidus were also normal, but a few neurones in the thalamus and hypothalamus showed irregular pyknotic nuclei and eosinophilic cytoplasm. The majority of the neurones in the dentate nucleus had the same appearance but the cerebellar cortex (Fig. 12b) was normal. In the brainstem scattered nerve cells in the substantia nigra, inferior colliculi, reticular formation, griseum pontis, and inferior olivary nucleus were shrunken and eosinophilic. The spinal cord, peripheral nerves, and muscles were normal.
CASE 6 E. J., MALE (HAMMERSM1TH HOSPITAL NO. 299470) Gestation 38 weeks. Birth weight 1,400 g. (normal 3,000-3,500 g.). This baby was the second and smaller of undiagnosed uniovular twins. His mother was a multiparous negress aged 18 years. Pregnancy had been normal. The infant's condition at birth was good but he was small for his gestational age. At 16 hours of age jitteriness was noted. Blood glucose at this time was less than 10 mg./100 ml. At 24 hours of age a glucose tolerance test was performed which showed a high disappearance rate of glucose (K = 1 8). Treatment with glucagon and A.C.T.H. was begun. At 27 hours of age he was no longer jittery but the blood glucose level was still less than 10 mg./100 ml. At 34 hours of age an intravenous infusion of equal parts of 10% glucose and 40% fructose was started and continued for 24 hours. After this blood glucose levels were measured frequently and were never below 40 mg./100 ml. A.C.T.H. and glucagon were gradually discontinued after five days. From the third day on the baby appeared to be well but he was hyperactive and slightly hypertonic. At 8 weeks of age and again three weeks later his oxygen consumption was found to be unusually high. Serum protein-bound iodine was within normal limits (3-7,ug./ 100 ml.). He was discharged aged 11 weeks, weighing 3,740 g. and when seen in the clinic subsequently he was well and developing normally.
At the age of 6 months he was readmitted suffering from bronchopneumonia. The blood glucose level was recorded twice; values of 240 and 150 mg./100 ml. were obtained. He developed heart failure and there were several episodes of cardiac arrest in one of which he died 48 hours after admission.
Pathological findings (Maudsley no. 3699) Necropsy was done 23 hours after death. The body was that of a well-nourished male negro child weighing 6,024 g.
(normal mean 7 9 kg.). Confluent bronchopneumonia was seen in both lungs. Other thoracic and abdominal viscera showed no abnormal features. The liver weighed 170 g. (normal 260 + 60 g.) and the kidneys weighed 27 g. each (normal 31 ± 7 g.). The adrenal glands were of normal size and together weighed 3 0 g. The meninges and venous sinuses were normal. The brain weighed 600 g. (normal 760 ± 70 g.). There was no cortical atrophy or microgyria. No macroscopic abnormality was found on slicing the brain and the ventricles were of normal size.
Histology The presence of bronchopneumonia was confirmed. The adrenal cortex was generally of normal thickness but was irregularly nodular and there were multiple rounded nodules of cortical cells external to the capsule. The adrenal medulla appeared normal, as did the thyroid gland.
No pathological features were seen in the central nervous system. There was no focal or laminar cell loss in the cerebral cortex, including Ammon's horn, but it should be pointed out that slight or even moderate diffuse cell loss cannot be detected with routine histological methods. Astrocytes and microglia were normal in number. There was no fibrous gliosis. The caudate nucleus, putamen, claustrum, globus pallidus, thalamus, and cerebellum were normal in all respects. No abnormality was found in the midbrain, pons, medulla or in cervical, thoracic and lumbar spinal cord.
DISCUSSION
The clinical and biochemical findings in our six cases strongly suggest that all the infants suffered from prolonged hypoglycaemia in the first few days after birth. Salient clinical features are summarized in the Table. Degeneration in the nervous system was found in the three untreated cases only. In the three cases in which the hypoglycaemic state was corrected the brain was almost entirely normal histologically, suggesting that treatment had been effective in preventing brain damage.
Severe hypoglycaemia can be suspected in the newborn on clinical grounds but the signs are not specific and the diagnosis has to be confirmed by biochemical investigation, or by obtaining a prompt response to intravenous glucose. Four of the present cases had some of the signs usually associated with hypoglycaemia. Such signs include irritability and wakefulness, jitteriness (irregular oscillations of the limbs occurring about 10 times a second), and an abnormal Moro response. If hypoglycaemia is prolonged the baby may become lethargic, limp, and pale. There may be periods of apnoea (cases 2 and 3) or convulsions (case 1). It should be emphasized that none of these signs is peculiar to hypoglycaemia. A blood glucose level below 20 mg./100 ml. was recorded during life in cases 1, 2, 4, 5, and 6 and in case 3 biochemical estimations done after death on blood and tissues strongly suggested that hypoglycaemia had been present. In four of the infants a deranged carbohydrate metabolism was confirmed by an intravenous glucose tolerance test (Fig. 10) which showed an abnormally rapid disappearance of glucose from the blood indicating that tissue demand for glucose outstripped the supply.
The blood glucose concentration normally falls immediately after birth and this fall is greater in premature babies (Cornblath and Reisner, 1965) and those who are underweight for their gestational age (Neligan, Robson, and Watson, 1963) . Isolated blood glucose readings below 20 mg./100 ml. are occasionally observed in apparently well babies (Haworth and Ford, 1960) and it is clearly of importance to distinguish such transient hypoglycaemia, which apparently produces no ill effects, from hypoglycaemia lasting many hours which gives rise to symptoms and may eventually lead to irreversible brain damage or to death. Infants of diabetic women may also become temporarily hypoglycaemic within the first 48 hours of birth because of an oversensitive insulin release mechanism (Baird and Farquhar, 1962) and this occasionally gives rise to symptoms (Komrower, 1954) but permanent neurological abnormalities have not been reported in such children.
In the first day of life before feeding is established, glycogenolysis in the liver is the main source of circulating glucose and a deficiency of liver carbohydrate stores is probably the most common cause of severe neonatal hypoglycaemia (Shelley and Neligan, 1966) . It is important to appreciate which babies are likely to have poor carbohydrate reserves so that the diagnosis can be considered and treatment begun before symptoms develop. At birth the liver carbohydrate content per unit weight is about twice that of the adult and most of this is laid down in the last three months of foetal life (Shelley, 1964 Effects of neonatal hypoglycaemia on the nervous system: a pathological study malnutrition and are therefore small for their gestational age. About 5 % of babies are so affected (Butler and Bonham, 1963) . Many of the organs in these so-called 'small for dates' infants weigh less than normal (Gruenwald, 1963) while the brain is much less affected by the general growth retardation. The liver of malnourished infants is particularly small and, furthermore, contains less carbohydrate per unit weight than normal (Shelley, 1964) . It is thus unable to supply enough glucose for the relatively large brain. Quantitative histological studies of the liver in underweight babies have shown that the cytoplasmic mass of the parenchymal cells is reduced (Naeye, 1964) . This is partly due to lack of glycogen, and partly due to lack of protein and therefore possibly of enzymes. Consequently, gluconeogenesis in the liver may be impaired. The mass of the adrenal cortex and particularly of the foetal zone, is also smaller than normal in malnourished babies (Naeye, 1965) . Since adrenal corticoids promote gluconeogenesis, relative adrenal cortical insufficiency may be another factor in the inability of the underweight infant to maintain blood glucose levels. Brown and Wallis (1963) found a normal urinary excretion of 17-ketosteroids and 17-ketogenic steroids in three malnourished babies, but there have been no observations on the levels of circulating corticosteroids in such infants.
The clinical recognition of a 'small for dates' baby is not always easy. In our case 1, for example, the birth weight was within normal limits, yet the ratio of brain weight to liver weight when established after death was 4-4 (the normal ratio (Dawkins, 1964 ) is less than 3), indicating that this infant was malnourished. Because this was not recognized, hypoglycaemia was not at first considered as a possible cause for his symptoms. The cause of the intrauterine growth retardation is not known in cases 1 and 2. In case 5 the mother suffered from severe cyanotic congenital heart disease which may have led to placental insufficiency. Case 6 was the smaller of twins; being 'small for dates', such infants are prone to develop hypoglycaemia (Reisner, Forbes, and Cornblath, 1965) . Cornblath and Reisner (1965) have listed the rarer causes of prolonged neonatal hypoglycaemia, which include hereditary metabolic abnormalities such as glycogen storage disease, hereditary fructose intolerance, galactosaemia, and leucine intolerance, the last of which gives rise to hyperinsulinism. Children with 'spontaneous idiopathic hypoglycaemia' (McQuarrie, 1954; Hartmann and Jaudon, 1937; Broberger and Zetterstr6m, 1961) may have their first hypoglycaemic attack in the neonatal period. It has been suggested by various workers (Hartmann and Jaudon, 1937; Cornblath et al., 1964; Haworth and McRae, 1965) that disease or malformation of the central nervous system was a cause of neonatal hypoglycaemia in some of their cases but the evidence cited is quite unconvincing.
Striking abnormalities were seen in the nerve cells of the three untreated cases. In small nerve cells (Figs. I a, 2, 1 1 a and 14a ) the nuclear membrane was indistinct or absent and there was clumping of chromatin. In many cells the nucleus had broken up into numerous small uniform fragments which were scattered in the cytoplasm; in others the chromatin had formed a beaded pyknotic mass. In large nerve cells (Figs. 3a, 4a , 5 and 6) the nuclei were shrunken, opaque and finely stippled and there was chromatolysis. Many of the motor neurones of the cranial nerve nuclei and of the spinal cord were disrupted by large vacuoles (Figs. 13 and 15a) . The nuclei of the glial cells both in the grey and white matter were pyknotic in cases 1 and 2. These cytological reactions in large and small nerve cells are not peculiar to hypoglycaemia for we have seen them in infants dying with severe hypoxia. Somewhat similar changes have been described in nerve cells in adult hypoglycaemia (Lawrence et al., 1942) . The classical 'ischaemic nerve cell change', in which the cytoplasm is eosinophilic and the nucleus irregular and pyknotic, occurs only rarely in neonatal hypoglycaemia (Fig. 4a) though it is frequently seen in babies who have been hypoxic. A few 'ischaemic' nerve cells were seen in case 4 who was hypoxic and acidaemic for three days after correction of the hypoglycaemia and also in case 5 who died of congenital heart disease after the hypoglycaemia had been successfully treated. Neither fragmented nuclei nor chromatolysis was seen in these two cases and the histological abnormalities in the brain were slight compared to those seen in the three cases with untreated hypoglycaemia.
None of the cytological abnormalities seen in the brains of our patients can be attributed to ordinary post-mortem autolysis. In case 1 necropsy was carried out nine hours after death and histology of the other organs in this and the other cases showed no unusual degree of post-mortem change. Furthermore, sections taken from the brains of infants not in this series, on whom necropsy has been delayed for as long as three to four days, show none of the changes described above in the anterior horn cells or other large or small nerve cells. Nevertheless, it seems unlikely that all of the changes seen in the brainstem and spinal cord in our three cases occurred during life since the first patient at least was breathing spontaneously until he died. Disrupted and vacuolated ventral horn cells very similar to those described here were also seen by Winkelman and Moore (1940) in cats killed immediately after hypoglycaemic convulsions and it seems possible that nerve cells dying in a hypoglycaemic state undergo particularly rapid and sudden dissolution.
In patients 1 and 2, who died with untreated hypoglycaemia, severe degeneration was seen in the nerve cells and glial cells throughout the central nervous system. Only the germinative zones showed no histological abnormalities, and this is in keeping with the findings of Hicks (1953) who showed that in the developing nervous system of rats and mice the germinative areas were resistant to hypoglycaemia. In case 3 the changes were not so severe. They were most marked in the putamen, the caudate nucleus, and in the internal granular layer of the cerebellum. The cerebral cortex and thalamus were also involved but less so than in cases 1 and 2. The lower brainstem and the dentate nucleus were almost normal and the cervical spinal cord was spared, though the thoracic and lumbar segments were severely affected. In all three cases the cerebral cortex in the occipital region and in the insula was more severely affected than that in the frontal region. The temporal lobes were least affected, though a few abnormal cells were present in all layers of the hippocampus. No cortical layer was selectively involved and the cortex at the bottom of sulci was not especially affected. The cortex at the boundary zones between the territories of the major cerebral arteries (watershed regions) was not more severely involved than that elsewhere.
The distribution of grey matter lesions in neonatal hypoglycaemia is thus in striking contrast to that found in brain damage due to various forms of hypoxia and ischaemia, in which certain areas are selectively involved both in the adult human (Meyer, 1963; Adams, Brierley, Connor, and Treip, 1966) and in the newborn experimental animal. In experimentally asphyxiated foetal rhesus monkeys (Ranck and Windle, 1959; Jacobson and Windle, 1960) (Malamud, 1963; Norman, 1963) , but the acute lesions following hypoxia in the human newborn are poorly documented. Banker and Larroche(1962) reported slightchanges, including nerve cells with karyorrhectic nuclei, in the cerebral cortex at the bottom of sulci, in the hippocampus, the pontine nuclei, and the Purkinje cell layer of the cerebellum. The more important lesions in their cases were small infarcts in the periventricular white matter which are well known to occur in babies and which Banker and Larroche related to hypoxia and to vascular disturbances involving the border zones of cerebral artery territories. Incidentally, two of their 51 cases suffered from neonatal hypoglycaemia. Areas of periventricular leukomalacia were seen in our case 1 and were the only circumscribed lesions found in our series.
That the brain damage following hypoglycaemia in the first week of life is so much more diffuse, severe and widespread than that following anoxia may be related to the way these two conditions affect the heart. Heart muscle not only has a better glycogen store than the brain (Shelley, 1964) but it is known to be able to utilize many exogenous substrates other than glucose for its energy supply. The heart may therefore not be susceptible to hypoglycaemia whereas it is at least as dependent on oxygen as is the brain. This may mean that babies who are severely hypoxic some time after birth die because the heart fails before extreme brain damage has had time to occur. Furthermore, focal lesions due to circulatory failure may be found superimposed on generalized hypoxic brain damage but are less likely to be encountered in hypoglycaemic brain damage. (The situation may be different during and immediately after birth. At this time heart muscle has a particularly high glycogen content which it can utilize in anaerobic glycolysis making it relatively resistant to anoxia (Mott, 1961) .
The pattern of brain damage due to hypoglycaemia in adults (Lawrence et al., 1942) has certain similarities to that found in the newborn in that the cerebral cortex (mainly its outer layer) and the putamen and caudate nucleus are particularly severely affected. The brainstem, however, is relatively spared. The spinal cord, which was so strikingly involved in our babies, has only rarely been examined in the adult. Abnormal anterior horn cells have been reperted in patients dying from hypoglycaemia (Moersch and Kernohan, 1938) and there are cases on record in which weakness of skeletal muscles and loss of anterior horn cells developed after episodes of severe hypoglycaemia usually due to islet cell adenoma of the pancreas (Lidz, Miller, Padget, and Stedem, 1949; Tom and Richardson, 1951; Bataille and Brucher, 1962) . Pathological changes in the nervous system have also been seen in experimental animals made hypoglycaemic with insulin. Stief and Tokay (1932, 1935) , using dogs and rabbits, found focal lesions which they attributed to vascular disturbances. Subsequent investigators, however, obtained diffuse neuronal degeneration in all parts of the 308 group.bmj.com on April 15, 2017 -Published by http://jnnp.bmj.com/ Downloaded from Effects of neonatal hypoglycaemia on the nervous system: a pathological study nervous system (Weil, Liebert, and Heilbrunn, 1938; Winkelman and Moore, 1940) . They also showed that the lesions they described were not due to the convulsions from which the animals suffered.
Although severe hypoglycaemia ultimately produces pathological changes in the brain, nervous tissue can survive a very low blood glucose level for remarkably long periods. Patients 4-6, who were successfully treated and whose nervous system was essentially normal histologically, had had blood glucose levels well below 20 mg./100 ml. for some nine hours, and cases 4 and 5 never even showed abnormal clinical signs. It is interesting that cases 1 and 2 only succumbed after hypoglycaemia had been present for some 36 hours.
It is currently thought that blood glucose is the only exogenous source of energy for the brain (McIlwain, 1966) , but the question whether the nervous system can utilize other exogenous substrates may have to be reconsidered. The administration of lactate (Wortis, Bowman, Goldfarb, Fazekas, and Himwich, 1941) or of pyruvate does not bring adults out of hypoglycaemic coma. There is some evidence, however, that lactate may act as fuel for the young brain, for it has been shown that insulin-induced hypoglycaemia in newborn calves does not lead to convulsions if the blood lactate level is high (Edwards 1964) , and Scopes (1964) reported two infants with neonatal hypoglycaemia in whom symptoms did not appear until blood lactate had fallen to low levels.
Brain tissue does, of course, oxidize endogenous substrates other than glucose, e.g., amino acids and lipids. Under normal conditions the glucose molecule contributes carbon atoms to the synthesis of these substrates (Geiger, Horvath, and Kawakita, 1960; Barkulis, Geiger, Kawakita, and Aguilar, 1960; Vrba, 1962) . Oxidation continues in the absence of glucose but resynthesis of the endogenous substrates is not possible and there is thus loss of tissue constituents. Geiger, Magnes, and Geiger (1952) found that when the intact brain of the cat is perfused with glucose-free 'simplified' blood there is only a slight reduction in oxygen consumption and brain function, as judged by the electroencephalogram, the presence of a corneal reflex, etc., is maintained for up to two hours. During this time there is a great reduction of protein, microsomes, phospholipids, and nucleotides (Abood and Geiger, 1955) and the respiratory quotient drops to less than 1-0. Further it has been shown (Barbato and Barbato, 1965) that the ribonucleic acid content of Purkinje cells is much reduced after insulin-induced hypoglycaemia in rats. The oxidation of cell components whick -annot be replaced in the absence of glucose is likely eventually to lead to irreversible damage to nerve cells and glial cells.
The length of time for which cell changes remain reversible is not known.
Untreated hypoglycaemia carries a high mortality. In babies who have been inadequately treated but who survive, the most common sequelae are mental retardation, retarded motor development with or without spasticity, and microcephaly (Brown and Wallis, 1963; Cornblath et al., 1964; Haworth and McRae, 1965) , suggesting that the cerebral cortex is particularly vulnerable to hypoglycaemia, Our cases 1 and 2 showed no evidence of selective involvement of any part of the central nervous system, but in case 3 the cerebral cortex, the caudate nucleus, and the putamen were more severely involved than the brainstem. Further detailed clinical and pathological studies are necessary before the relative resistance to hypoglycaemia of various nerve cell masses can be discussed.
The incidence of serious hypoglycaemia in the neonatal period is difficult to determine but it is probably 2 to 3 per 1,000 live births. For comparison, the incidence of Down's syndrome is 1 in 700 live births (Penrose, 1961) . The largest group of infants at risk from hypoglycaemia consists of those that are underweight for their gestational age, that is approximately 20 per 1,000 full-term or 50 per 1,000 of all births. About 4 % of these malnourished infants are likely to develop hypoglycaemia severe enough to produce symptoms and to require treatment (Davis, 1966) .
The case histories and the pathological findings in the six infants here presented show that hypoglycaemia in the neonatal period can cause extensive lesions in the central nervous system and that such lesions can be prevented by vigorous treatment.
SUMMARY
The case histories and necropsy findings of six infants who suffered from prolonged hypoglycaemia in the first week of life are presented.
In three infants the hypoglycaemia was not treated: there was extensive degeneration of nerve cells throughout the central nervous system. In two of these cases glial cells were also affected.
In three cases the hypoglycaemia was corrected but the infants died from other causes later: only slight abnormalities were found in the brain.
The cytological features and the distribution of the nerve cell changes associated with neonatal hypoglycaemia are described. The causes and incidence of neonatal hypoglycaemia and the pathogenesis of the brain lesions are discussed.
It is concluded that hypoglycaemia in the first week of life is an important cause of brain damage which can be prevented by timely treatment.
